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a b s t r a c t
Low velocity perforation of aeronautical aluminium alloy sheets 2024 T3 is studied in this paper. After a
literature review on recent experiments and models of plate's perforation, experimental results for 2
thicknesses (2 mm and 4 mm) of plates are presented. Perforation tests are performed with an instru-
mented drop test. The striker has a large diameter and a conical shape nose. Two models for perforation
are presented and calibrated to bring a better understanding of the experiments. The ﬁrst one is an
analytical model based on an energetic approach. The second one is a numerical shell Finite Element FE
model. A Johnson Cook phenomenological behaviour law of the plate's material is implemented in the
ﬁnite element code Abaqus/Explicit. The velocity, the evolution of the impact force, the absorbed energy
and the cracks' propagation are analysed.
1. Introduction and literature review
Impact engineering is a common ﬁeld in sectors as the nautical
[33], the aeronautical [19], automotive industries [16] and in met-
alforming applications [28]. Perforation of thin plates by a conical
nose striker is a particular case of impact because of the large
deformation, the damage and the rupture of the plate. Various
perforation tests can be performedwith high [23] ( 70m/s) or low
[32] (5 m/s) initial velocities and with different striker's geome-
tries. A typical approach for perforation is to study the variation of
the velocity and to compare the residual velocity with the initial
velocity of the striker. The ballistic limit velocity is deﬁned as the
minimal velocity needed to perforate the plate [4,17,23]. It is also
possible to calculate the energy Ea absorbed by the plate during
impact as the difference between the initial kinetic energy Eki and
the residual kinetic energy Ekf [32] (Ea ¼ Eki  Ekf).
Commonly used for perforation tests, instrumented drop tests
or instrumented pneumatic accelerators permit to obtain the evo-
lution of the force on the striker and the striker displacement
during perforation [12]. Image correlation techniques with high
speed cameras, can also give the plate's straining during perfora-
tion [13]. The Hopkinson bar theory adapted for perforation are
known for its high capacity of measure of the force during perfo-
ration [12,30].
During perforation of thin plates, petals appear. The number of
cracks and their evolution during perforation are studied by various
authors [9,23,27]. In particular, Atkins [2] determines the number
of cracks using an analytical approach considering that the incre-
ment of total work of perforation is equal, during the transition
from the step of plastic deformation, to the step of plastic defor-
mation and crack propagation. But this approach is dependent on
the initial radius of the crack front and so is difﬁcult to apply.
Analytical models for perforation are already well established.
One of the most used is Forrestal model [11] which is a hole growth
based model. It which is known to be specially adapted for the
perforation of thick plates. Forrestal deduced from the expression
of the radial stress, the residual velocity and the ballistic limit ve-
locity. More recently, Nazeer et al. [27] uses an energetic approach
to determine the number of petals during perforation of thin plates.
During the perforation, a conical nose striker induces bending
deformation, stretching deformation and N cracks' propagation.
Nazeer explains that the elastic bending work can be neglected. The
sum of the bending plastic workWb, the stretching plastic workWs,
the petals’ bending work Wbf and the fracture work Wf is the total
work of perforationW (W ¼Wb þWs þWbf þWf). In a study of the
petalling of plates during the perforation by a conical nose pro-
jectile, Wierzbicki [34] creates a bending energy and a tearing en-
ergy based model. Other analytical models can be quoted
[3,10,24,35].
A numerical approach to model the perforation is also used by
various authors. Finite element model (FEM) for thin plates* Corresponding author.
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perforations with a conical sticker was developed by various au-
thors. Iqbal [17] used a JohnsoneCook behaviour law [20] and
JohnsoneCook damage law for the material to model the perfora-
tion of a steel plate and an aluminium alloy plate. Borvik [6] used a
modiﬁed JohnsoneCook behaviour law to simulate the perforation
of an aluminium alloy plate. The results are in good agreement in
term of velocity and in term of perforation type. Rodiguez-Martinez
[32] used a modiﬁed Rusinek-Klepaczko model for the behaviour of
a 2024-T3 aluminium alloy plate meshed with 3D brick elements.
Dean et al. [9] used shell elements for the perforation of a steel plate
and shows that it is well adapted for thin plates simulation. It can be
noticed that for all of the authors, an isotropic behaviour for the
plate's material is used.
Various numerical techniques are known to be well adapted for
the study of dynamic crack propagation. The ”kill elements” tech-
nique is the most popular and is used in FE software as Abaqus [1].
When the rupture criterion is reached in an element, the stress
deviatoric part is taken as null or the element is deleted. To model a
material rupture, a interface decohesive technique between two
ﬁnite elements can be used. Introduced by Xu and Needleman [37];
the decohesion law characterises the behaviour of this area. This
method is used for dynamic crack propagation for a well known
crack travel [31]. The extended ﬁnite element method (X-FEM) has
the advantage to simulate the free crack travel. During amechanical
solicitations involving rupture, the classical solution of elastic
cracks' propagation [18] enriches the displacement ﬁeld of the
solution [29]. This method is used by Combescure et al. [8] for a
study on a dynamic propagation of crack during a Zhou Rosakis
Ravishandran's experiment (A projectile is launched on a pre-
cracked sample). Others numerical methods exist to simulate
crack propagation as phase ﬁelds model [14] or peridynamics [26].
During an impact, the material behaviour of the plate is affected
by the local temperature variation induced by plastic strain [7].
Thus, the problem becomes thermomechanical. The coupling be-
tween the temperature and the strain is made with the help of a
thermomechanical relation: rc _T ¼ bs_3p where r is the density, c the
thermal capacity, T the temperature, b the fraction of the rate of
plastic work dissipated as heat, s the stress and 3p the plastic strain
[15]. The b factor is considering as constant and equal to 0.9 in most
of case, Clifton [7] shown that for an 2024-T3 aluminum alloy the b
factor is plastic strain dependent. In a work on elastic crack prop-
agation, Irwin [18] introduces the expression of crack tip stress and
deﬁned a stress intensity factor for each rupture mode (I, II, or III).
This theory is the base of the rupture mechanic. Impact on ductile
material involves high strain and so voids appear, grow, and coa-
lesce until the rupture. Some rupture criterion exists to characterise
this dynamic phenomenon. The Johnson Cook rupture model [21]
and the Langseth model [5] are two rate dependent models used
for perforation problems. Borvik et al. [5] uses the Langsteh model
for the perforation of 12 mm thickness steel plates and Dean et al.
[9] uses the JohnsoneCook model for the perforation of steel plates
and predicted the formation of petals.
In this paper, a two-pronged approach for perforation is pre-
sented. Experimental tests on instrumented drop tests are made on
2 mm and 4 mm thickness 2024 T3 aluminium alloy plates. This
alloy is known to have a rate dependent hardening behaviour. An
example of tensile curve with a strain rate of 8000 s1 is plotted in
Fig. 1 [25]. An analytical model for perforation of thin plates based
on energetic consideration is presented. The Forrestal approach is
modiﬁed for the present case. It is concluded that it is limited for
the perforation of thin plate of 2024 AA by a large diameter striker.
During the perforation of thin plates of aluminium alloy, the evo-
lution of the force is not a classic result of perforation. Three peaks
of force can be observed. Each peaks will be explainedwith the help
of a shell and a brick FE model. Numerical model, analytical model
and experiments are compared and discussed with the help of the
residual velocity, the absorbed energy and the impact force.
2. Experimental drop test on 2024 T3 aluminium alloy plates
A 2024-T3 aluminium alloy plate (2024-AA) (Al 4.76% wt Cu
1.38% wt Mg 0.65% wt Mn 0.22% wt Fe 0.08% wt Si 0.07% wt Zn
0.03% wt Ti 0.01% wt Cr) is perforated by a conical nose striker.
Plates with a thickness of 2 and 4 mm are cut in squares of about
160 mm side length.
2.1. Experimental setup
With the help of an instrumented drop test (Fig. 2), a striker,
with a 60+ total angle conical nose and 45 mm diameter, perforates
the plate. The striker is ﬁxed on a trolley which slides on two bars
from various heights and is associated with additional weight. A
piezoelectric 9061A Kistler sensor allows the measurement of the
force between the plate and the striker for a range of validity from
0 to 100 kN, with a relative error less than 5%. The trolley's
displacement is measured by a Bullier laser sensor (error of 0.5%),
with a 50 mm measure range. Those two sensors are completed
with two high speed cameras. A Photron SA3 camera,
(10 000 frames/s) is used to measure the striker displacement. Two
mirrors enable the observation beneath the sheet by a Photron APX
RS camera (9000 frames/s).The plate is ﬁxed on a circular hole of
148 mm diameter with four screws where a 50 N m torque is
applied.
Twenty three drop tests are performed, seventeen with 2 mm
thick plates (tests 1e17) and six with 4 mm thick plates (tests
18e23). For the 2 mm thick plates, thirteen tests are made with a
weight of the striker of 13 kg, two with a weight of 17 kg and two
with a weight of 21 kg. A weight of 13 kg is used for the tests on
4 mm thick plates. Table 1 presents the tests.
2.2. Experimental results
2.2.1. Residual velocity
The velocity is calculated with the displacement measured with
the laser sensor (Table 2). In order to ﬁlter the noise of high speed
measurements, a moving average over 30 values of the velocity is
calculated and a smoothed curve is obtained. If the moving average
is taken over 10 or 50 values, the value of the residual velocity
changes by ± 6% for 10 values and does not change for 50 values.
Fig. 1. Dynamic tensile test of 2024 AA 8000 s1) [25] compared to quasistatic tensile
test on the studied 2 mm thick plate.
The residual velocity of the striker for 2 mm plates after perforation
is plotted as a function of the initial velocity (Fig. 3). If the plate is
not completely perforated, the residual velocity is taken equal to 0.
For an initial velocity greater than 5.5 m/s, there is complete
perforation. The shape of the curve is a classical result of perfora-
tion tests [4,17,23]. For 4 mm thick plates, there is no complete
perforation meaning that the ballistic limit velocity is greater than
6.3 m/s.
2.2.2. Force results
For each test, the force is plotted as a function of time (Figs. 4
and 5). Analysis of results show a good repeatability.
For the 2 mm thick plates' perforation, a ﬁrst peak of force from
0.5 kN to 1.5 kN is observed on Fig. 3 (aef). After the force begins to
rise until the ﬁrst crack appearance. A minor fall of the force is
observed (peak 2) and corresponds to the beginning of the crack
propagation. When the crack is long enough, the force starts to
increase sparsely until a third peak force i.e. when the perforation is
completed. The force is also plotted as a function of the striker
displacement (Fig. 6). For the studied velocity range (0e6.7 m/s),
levels of force are similar for a same displacement. The ﬁrst and the
second peaks of force are observed in all tests. After the second
peak force, the force rises in the same way and until a value
depending of the initial velocity. If the plate is totally perforated,
the same force is reached for the second peak. The area under the
Fig. 2. Instrumented drop test.
Table 1
Drop tests results (1e17: 2 mm thick plates, 18e23: 4 mm thick plates). The residual
velocity is taken equal to zero if the plate is not totally perforated (- means ”no
petals”).
Test
number
Total
mass
(kg)
Height
(m)
Initial
velocity
(m/s)
Initial
kinetic
energy (J)
Absorbed
energy (J)
Petals
number
Residual
velocity
(m/s)
1 13 0.4 2.8 51.0 40.0 4 0
2 13 0.4 2.8 51.0 40.0 4 0
3 13 1 4.1 62.5 47.8 5 0
4 13 1 4.2 66.6 51.9 5 0
5 13 1.5 4.8 149.8 138.8 6 0
6 13 1.5 4.8 149.8 140.4 4 0
7 13 1.8 5.9 196.6 152.7 6 2.6
8 13 1.8 5.9 203.8 163.2 5 2.5
9 13 2 6.1 241.9 166.7 4 3.4
10 13 2 6.1 241.9 187.2 4 2.9
11 13 2.1 6.4 267.5 178.6 5 3.7
12 13 2.3 6.7 293.0 199.2 5 3.8
13 13 2.5 6.9 309.5 171.9 6 4.6
14 17 1.3 5.0 212.5 178.5 5 2
15 17 1.3 5 212.5 185.0 5 1.8
16 21 1 4.4 203.3 190.6 5 1.1
17 21 1 4.4 203.3 192.8 5 1
18 13 0.4 2.8 51.0 22.3 e 0
19 13 0.4 2.8 51.0 13.5 e 0
20 13 0.8 4.0 104.0 66.6 e 0
21 13 1.2 4.8 149.8 102.4 e 0
22 13 1.6 5.6 203.8 152.9 e 0
23 13 2 6.3 258.0 210.6 e 0
Table 2
Notations for the analytical models of perforation.
sy Yield stress
R0 Radius of the plate
t0 Thickness of the plate
f Half angle of the striker
r0 Radius of the striker
n Poisson's ratio
G Fracture toughness
E Young modulus
rp Density of the plate
B0 , ss Speciﬁc material parameters of the Forrestal model
F Force of impact
m Mass of the striker
A Area of contact between the striker and the plate
We Elastic work
Wb Bending plastic work
Ws Stretching plastic work
Wbf Petals' bending work
Wf Fracture work
z Displacement of the striker
zb Ultimate bending displacement before rupture
L Length of fracture
b Bending angle of the plate
force vs displacement curve represents the energy absorbed during
perforation. Thus, it can be deduced that the energy needed to
perforate the plate is constant. Numerical simulations will permit a
better analysis of the force evolution and a better understanding of
the observed peaks.
For the 4 mm thick plates perforation, a rise of the force as a
function of the time is observed until a maximum corresponding to
the rebound of the striker (Fig. 5aee). A similar force fo a same
displacement is observed for all tests (Fig. 5f).
2.2.3. Crack and petals' observation
When the force reaches the second peak, cracks and petals
appear. The number of cracks is always greater than 4 (Table 2).
Some other cracks can appear during perforation. No conclusion
can be made on this number of petals. The crack propagation takes
about 10ms. Themean crack velocity can bemeasured with the use
of high speed camera pictures. According to Fig. 7, this velocity
increases linearly with the initial velocity and lies between 1 m/s
and 3.5 m/s. This velocity is half the value of the initial velocity
corresponding to the radial velocity of the striker (Vr ¼ tan(f)V,
f ¼ 30+). The value of the slope seems to be equal to tan(f). This
must be conﬁrmed with other striker's angle. When a crack ap-
pears, its velocity rapidly rises to a maximum and then falls until
the end of the perforation. This peak of velocity occurs when the
ﬁrst peak force is falling. Numerical simulations will permit a better
analysis of the crack propagation.
Atkins [2] determines the number of petals with an energetic
approach and considering that an initial radius of perforation rp is
well known before the start of crack propagation:
n ¼ 2psyrp 3f
G
(1)
Fig. 3. Residual velocity as a function of initial velocity for a 13 kg striker and 2 mm
thick plates.
Fig. 4. Force as a function of time for 2 mm thick plates.
where sy is the yield stress, 3f is the fracture strain and G is the
fracture toughness. Atkins suggests an evolution of the equation (1)
to determine the number of petals when there is no starter hole
(rp ¼ 0). He considers that the initial radius can be estimate as
rp ¼ 1/2t0tan(f) (t0 is the thickness of the plate and f is the semi
angle of the striker). Thus the Equation (1) becomes:
n ¼ psy tanðfÞt0 3f
G
(2)
In Fig. 1, a quasistatic tensile test performed in this study for
2 mm thick plate ( _3¼ 103s1) is compared to literature results by
Fig. 5. Force as a function of time and displacement of the striker for 4 mm thick plates.
Fig. 6. Force as a function of displacement of the striker for 2 mm thick plates.
Fig. 7. Mean cracks' velocity as a function of initial velocity of the striker for 2 mm
thick plates.
Lesuer [25]. Whereas Lesuer gives a fracture strain of 0.3 at
8000 s1, the presented results on the studied plate give a fracture
strain of 0.18. Thus the number of petals is equal to 2 in a static case
and 3 for a dynamic case (sy ¼ 369 MPa, t0 ¼ 0.002 mm,
G ¼ 116600 J/m2). Results are not in the range of experimental data
(4e6 petals). The initial radius of perforation is now changed to the
radius of the hole when the striker appears on the distal side of the
plate rp ¼ t0tan(f). Thus, the number of petals is 4 ( 3f ¼ 0.18) and 6
( 3f ¼ 0.3) and results are close to experimental ones (Table 2).
3. Models for perforation
Two models for perforation are presented. In section 3.1, the
model is an analytical one. In section 3.2, a shell ﬁnite element
model is used.
3.1. Analytical model for perforation
Analytical methods can also be used to determine the ballistic
limit velocity. A conical nose striker of mass m with an angle 2f, a
radius r0 and a length of conical part l impacts a plate of radius R0
and thickness t0 as shown in Fig. 8. The yield stress of the plate is sy,
the toughness G, the Young modulus E, the density rp and the
Poisson's ratio n. One of the most used analytical model is the
Forrestal's model [11] which is a hole growth based model and
which is known to be specially adapted for the perforation of thick
plates. A good approximation for the behaviour of the material
during perforation is to consider that the radial stress in the plate
can be expressed as a function of the hole expansion velocity V as
s¼ ssþ rpB0V2. Speciﬁc material parameters of the Forrestal model
are ss and B0 (Fig. 9a).
Fig. 8. Analytical model for perforation [27].
Fig. 9. Forrestal model for perforation (a) and modiﬁed Forrestal model for thin plates (b).
The axial force Fz in the plate can be written as
Fz ¼ As ¼ A(ssþrpB0(Vztan(f))2) where A is the area of contact
between the striker and the plate and V ¼ Vztan(f) the radial ve-
locity (Vz is the axial striker velocity).
This approach for perforation is modiﬁed for the perforation of
thin plates. According to the equilibrium applied on the striker, and
because the friction force is neglected, it is possible to write.
m
dVz
dt
¼ mVzdVzdz ¼ Fz ¼ Aðss þ rpB0ðV
2
z tan
2ðfÞÞ (3)
and so:
dV2z
1þ aV2z
¼ bAdz (4)
with: a ¼ rpB0tan2ðfÞ=ss and b ¼ 2ss/m
Since the ﬁrst penetration of the striker in the plate, ie until the
perforation equals the thickness of the plate and the end of the
perforation are neglected, only the part of the conical nose in
contact with all the thickness of the plate is considered. Forrestal
considers that the area A equals to the area of the cylindrical part of
the striker (Fig. 9b). In the case of thin plates, this area is smaller
because a part of the conical nose perforates the plate. This area is
expressed as A ¼ p(z2tan2(f)  (z  t0)2tan2(f)). With an integra-
tion of equation (2) from z ¼ 0 to z ¼ l and from Ref. Vz ¼ Vbl (the
ballistic limit velocity) to Vz ¼ 0, the ballistic limit velocity can be
deduced as:
1
a
ln

1þ aV2bl

¼ p

l2t0  lt20

tan2ðfÞb (5)
Vbl ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
a

exp

p

l2t0  lt20

tan2ðfÞba 1
r
(6)
For an aluminium alloy 2024 T3, ss and B0 have been identiﬁed
on quasistatic tensile tests such as ss ¼ 1460 MPa and B0 ¼ 3.4
following the procedure proposed by Forrestal et al. [11]. The bal-
listic limit velocity is calculated as equal to 27 m/s. This value of
ballistic limit velocity is higher than the measured velocity. Thus
the Forrestal model is not adapted for the perforation of thin plates.
An energetic approach for perforation [27] is modiﬁed to ﬁnd
the residual velocity of the striker during perforation. The
perforation work is the sum of the bending elastic work We, the
bending plastic work Wb, (Fig. 8b) the stretching plastic work Ws
(Fig. 8c), the petals' bending work Wbf, and the fracture work Wf
(Fig. 8d) and can be taken equal to the absorbed energy. The
different contributions to the total energy are explained in sub-
sections 3.1.1 to 3.1.5. Thermal and frictionworks are neglected. The
residual velocity Vr is expressed as a function of the initial velocity
V0 and the striker mass m such as:
Vr ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
V20 
2

We þWb þWs þWbf þWf

m
vuut
(7)
The ballistic limit velocity Vbl is a particular case of equation (5)
when Vr ¼ 0 m/s and is given by:
Vbl ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2

We þWe þWs þWbf þWf

m
vuut
(8)
3.1.1. Bending elastic work We
When the plate is in contact with the striker, elastic deformation
occurs in the plate until plastic behaviour (ie when the radial stress
sr equals the yield stress). The elastic work We can be expressed
with the help of the elastic bending of circular plates theory where
the plate is clamped on the edgeswith a concentrated center force F
[36]. Since the thin plate theory gives an inﬁnite value of the central
bending moments, an empirical approximation (for steel, but
acceptable for aluminium and copper alloys) of the force of elastic
bending F in function of the displacement z is given by Xiong [36]:
F ¼ zEt
3
0
0:217R20
(9)
The elastic work is the integration of the force along the
displacement and can be expressed from equation (8) as:
We ¼
Zzb
0
Fdz ¼ z
2
bEt
3
0
0:434R20
(10)
Where zb is the ultimate bending displacement before rupture.
3.1.2. Bending plastic work Wb
Considering that the material has a perfectly plastic behaviour
and that a plastic hinge occurs at radius R0, the plastic bending
work Wb is written as:
Wb ¼ psyt20R0b (11)
Where the bending angle is b (calculated as a function R0 and the
striker displacement z as tan(b) ¼ z/R0 (Fig. 8)).
Table 3
Parameters of the analytical model.
sy
(MPa)
G
ðJ=m2Þ
E
(GPa)
R0
(mm)
r0
(mm)
t0
(mm)
zb (mm) f
(+)
N
369 116 600 70 74 22.5 2 & 4 4(2 mm) 5(4 mm) 30 4, 5, 6
Fig. 10. Finite element shell model.
Table 4
Johnson Cook law parameters for equation (14).
A (MPa) B (MPa) n C m Tmelt (K) Troom (K) 3p
_
369 684 0.73 0.0083 1.7 775 293 1
Table 5
Damage Johnson Cook law parameters for equation (15).
D1 D2 D3 D4 D5 30pf
_
0.13 0.13 1.5 0.011 0 1
3.1.3. Stretching plastic work Ws
During the bending, the plate is stretched, and so its thickness is
reduced. The stretching work Ws is the result of this effect and is
expressed as:
Ws ¼ ðpR0Þ2syt0 3s (12)
where 3s is the stretching strain, deﬁned thanks to the evolving
surface area of the sheet and its original area ( 3s ¼ lnð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R20 þ z2
q
=R0Þ.
3.1.4. Petals' bending work Wbf
When the ﬁrst crack is appearing, petals are forming in the plate.
These petals bend, until the striker passes through the plate. The
petals' bending work can be written as [27]:
Wbf ¼ psyr0t2
g
2
2þ N
1þ N (13)
where N is the number of petals and g is the angle made by petals
and equals to p/2  b  f.
3.1.5. Fracture work Wf
The fracture work due to crack propagation is the sum of the
work involved by each crack and can be expressed as a function of
the fracture toughness G, the thickness t and the length of fracture L
by Ref. Wf ¼ NGtL. The thickness t can be expressed as
t ¼ t0=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ z2b=R20
q
where zb is the ultimate bending displacement
at the onset of cracking [27]. L is taken equal to the projection of the
striker's radius on the bending sheet (L ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r20 þ z2b
q
). Thus the
fracture work is given by:
Wf ¼ NGt0
 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ z2b
.
R20
r ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r20 þ z2b
q
(14)
3.1.6. Constants for the analytical model
The model depends on the number of cracks and the ultimate
bending displacement zb. Parameters of the model are given in
Table 3. Material properties E, sy are obtained from tensile test and
the nonlinear fracture toughness G is taken from Jones et al. [22].
The displacement zb has been measured on the plates and equals
Fig. 11. FE model of eighth of plate (a) and strain of rupture as a function of strain rate to calibrate the damage JC law (b).
Fig. 12. FE brick model of eighth of plate (a) and strain of rupture as a function of strain rate to calibrate the damage JC law (b).
4 mm and 5 mm respectively for 2 mm and 4 mm thick plates. The
elastic bending workWe can be neglected compared to other works
(We ¼ 0.26 J Wb ¼ 18.5 J Ws ¼ 58.2 J Wbf ¼ 62.0 J Wf ¼ 21.3 J for
t0 ¼ 2 mm).
3.2. Finite element model for perforation
A three-dimensional shell ﬁnite element model is developed in
Abaqus/Explicit to simulate the perforation of 2024-AA plates. The
deformationof the striker during impact is neglectedand so it canbe
modelled as an analytical rigid surface with an associated mass
reference point. The behaviour of the material is modelled by a
JohnsoneCook law for deformation and fracture described in sec-
tion 3.2.1. 2024-AA plates are meshed with 19842 shell elements
type (S). The plate is divided in three parts (Fig. 10), the center of
plate with triangle type elements S3RT, the second part with 7488
reducedquadrangle type elements S4RTand the transitionpartwith
triangle type elements S3RT. The total number of S3RT element is
2354. Five integration points are chosen in the thickness (2 mm and
4 mm) of each shell elements for stability reasons. The penality
contact between the plate and the striker is used with no friction.
Temperature effects are taken into account. Initial velocities of
simulations are taken similar to experimental drop tests. Other
simulations with an initial velocity of 8m/s are performed for 2mm
thick plates and 10 m/s, 12 m/s and 15 m/s for 4 mm thick plates. To
conclude, the shell model and the brick model give similar result.
3.2.1. 2024 T3 AA behaviour law
The JohnsoneCook (JC) behaviour law [20] is applied to the
material:
s¼ðAþB 3pnÞ
0
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
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
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where A, B, n, C, m, the reference strain rate _30 and the melting
temperature Tmelt are material parameters, T is the test tempera-
ture, Troom is the room temperature and 3p
_ is the plastic strain rate.
Because of the high strain rate involved in the material during
perforation, a strain rate fracture model must be used. The John-
soneCook model for the fracture [21] is chosen given the fracture
strain as:
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where D1, D2, D3, D4, D5, Tmelt, 30pf _ are material parameters, p is the
hydrostatic pressure, seq the Mises stress, T is the test temperature
and Troom is the room temperature.
The elastic behaviour is considered as isotropic. The Young
modulus E equals 70 GPa, the Poisson's ratio n equals 0.3. All pa-
rameters are taken from the literature [25] and resumed in Table 4
and Table 5. Lesuer identiﬁes JC parameters with Hopkinson pres-
sure bar tests until a strain rate of 8000 s1. Because of high strain
rate a thermomechanical coupling is used. The b factor is consid-
ered as constant and equal to 0.9. The thermal capacity equals to
897 J/kg/K and the thermal conductivity equals to 237 W/m/K.
3.2.2. Enhancement of the calibration of the damage Johnson Cook
law
Damage JC law parameters given by Lesuer [25] are not well
suited to model the behaviour of the 2024-AA during perforation
(bad results in terms of force level). In order to enhance the cali-
bration of the JC damage law, a 3D shell FE model considering on
eighth of a 2 mm thick plate is used as shown in Fig. 11(a). The
initial velocity is taken equal to 6.4 m/s (drop test number 11). The
main objective is to study the crack phenomenon inﬂuence on the
perforation force considering that only four cracks appear during
perforation. Thus, the true crack velocity, obtained from experi-
mental results of the high speed camera, is imposed on an edge of
the model using a debonding technique (Fig. 11a). This debonding
technique will permit to obtain the maximal strain before fracture
according to strain rates and themaximal stress at the crack tip. The
strain of fracture is plotted as a function of strain rate in Fig. 11(b)
and will be compared with the JC law model. The strain of frac-
ture seems to be highly strain rate dependent.The calibration of the
damage JC law parameters is enhanced to ﬁt the curve. The
Fig. 13. Triaxiality in function of strain rate for debonding models.
Fig. 14. Force in function of striker displacement for the 3D shell model and the 3D
brick model.
Table 6
FE Simulations results for 2 mm thick plates.
Test
number
Total
mass (kg)
Initial
velocity (m/s)
Absorbed
energy (J)
Petals
number
Residual
velocity (m/s)
1 13 2.8 46.8 4 0
2 13 4.1 101.4 5 0
3 13 4.8 140.4 5 0
4 13 5.9 207.5 5 1.7
5 13 6.1 207.5 5 2.3
6 13 6.4 207.7 5 3
7 13 6.7 216.6 5 3.4
8 13 6.9 229.5 4 3.5
9 13 8.0 226.46 4 5.4
parameter D1 has thus been modiﬁed to 0.07. New JC damage pa-
rameters will be used for simulations with 3D shell model.
3.2.3. Comparison with a 3D brick ﬁnite element model for
perforation
The three-dimensional shell ﬁnite element model is compared
with a three-dimensional brick ﬁnite element model for the
perforation of a 2 mm thick plate and an initial velocity of 6.9 m/s
with the same conditions. The plate is meshed with 35280 reduce
brick C3D8RTelements andwith 13317 tetrahedral C3D4Telements
(5 elements in the thickness). The contact between the striker and
the plate is taken as perfect. In concern of the rupture behaviour,
the value of the D2 parameter is adjusted to 0.07 according to the
same previous calibration technique involving debonding with 3d
brick elements (Fig. 12). The mean fracture strain ahead of the crack
tip is around 0.12 (Fig. 12b) and is less than the fracture strain found
with shell elements. The calibration of the D2 parameter affects the
effect of the stress triaxiality. For each debonding model (shell and
brick), the calculated triaxiality is plotted in function of the strain
rate in Fig. 13. With the brick approach, the triaxiality ahead of the
crack tip is around 0.3 and higher than the triaxiality calculated
with shell elements. The 3D shell and brick models with their
respective failure parameters are applied to the simulations of the
perforation of a complete plate and are compared in term of force
vs displacement in Fig. 14. The number of petals is equal to 6 in the
brick model (4 for the shell model). In the two models, the residual
velocity is equal to 3.5 m/s.
Although the 3D brick model could be considered as more
realistic for the perforation since it permits to capture out-of plane
stress effects and the in-depth crack propagation, comparing CPU
times, the 3D brick model is 14 times longer than the shell model.
The advantage of the shell model is also that it leads to fewer
problems of ﬁnite elements' distortions.
4. Results and discussions
Results of the FE simulations in terms of absorbed energy, petals
number and residual velocity are resumed in Table 6 and Table 7
respectively for 2 mm and 4 mm thick plates. When applicable,
results are compared to the analytical model.
4.1. Striker velocity and perforation force
The residual velocity is plotted, for each test with amass of 13 kg
and a 2 mm thick plates, as a function of initial velocity in Fig. 15.
The analytical model is plotted for a number of petals equals to 4, 5
and 6. It predicts a good range of residual velocity. The shell FE
model tends to underestimate residual velocities measured during
drop tests. The ballistic limit velocity is respectively 5.0 m/s, 5.0 m/s
and 5.1 mm for 4, 5 or 6 petals for the analytical model. Other
simulations are performed with an initial velocity between 5 m/s
and 6m/s. From 5m/s to 5.75m/s, the perforation is not completed.
For 5.8 m/s the residual velocity is 1.3 m/s. Thus, the ballistic limit
velocity is around 5.8 m/s.
For the conﬁguration of a 3 m drop test - 4 mm thick plates, the
ballistic limit velocity cannot be reached in the experiment. How-
ever, numerical and analytical models will permit to approximate
the value of the ballistic limit velocity and the energy needed for
perforation. For a number of petals of 4, 5 and 6 the ballistic limit
velocity predicted by the analytical model is respectively of 9.2 m/s,
9.3 m/s and 9.4 m/s (absorbed energy is between 562 J and 572 J).
According to the simulation the absorbed energy needed to
perforate the plate is around 760 J e 800 J. The ballistic limit can be
evaluated around 11 m/s. As for 2 mm thick plates, the simulated
ballistic limit velocity is higher than the analytic velocity.
Table 7
FE Simulations results for 4 mm thick plates.
Test
number
Total
mass (kg)
Initial
velocity (m/s)
Absorbed
energy (J)
Residual
velocity (m/s)
10 13 2.8 39.9 0
11 13 4 91.3 0
12 13 4.8 135.1 0
13 13 5.6 187.2 0
14 13 6.3 239.2 0
15 13 10 606.1 0
16 13 12 798.5 4.6
17 13 15 759.5 10.4
Fig. 15. Residual velocity as a function of initial velocity for a 13 kg striker and 2 mm
thick plates for experiments, FE simulation and analytical model (N is the number of
petals).
Fig. 16. Simulated force as a function of displacement of the striker for 2 mm thick
plates.
Fig. 17. Force as a function of displacement for 3D Shell FE simulations (4 mm thick
plate).
Experimental and calculated forces are compared for 2 mm thick
plates. Simulated impact forces are plotted as a function of
displacement in Fig. 16. Three peaks of force can be observed. For
simulation 1, 2 and3, there is a no complete perforation. For an initial
velocity higher than 5.9 m/s the plate is perforated. Each peak force
will be discussed and explained in section 4.2. The experimental
force is also plotted for an initial velocity of 2.8 m/s, 4.1 m/s, 4.8 m/s
and 5.9 m/s. For low initial velocities, the maximal displacement of
the striker is higher for the experiment than the simulation. This
difference rises with the initial velocity. Thus, the numerical model
gives good results in term of force level, but the maximal displace-
ment before the rebound is not perfectly predicted.
The force during perforation is plotted as a function of the
displacement of the striker for each simulations in Fig. 17 for 4 mm
thick plates. As in experiments, the force is similar at a same
displacement. The simulations present a peak force that is not
easily observed in experiments on 4 mm thick plates unlike ex-
periments on 2 mm thick plates.
4.2. Analysis of peak forces for 2 mm thick plates
The ﬁrst peak force, simulated during impact by the shell FE
model, remains difﬁcult to analyse. The experimental and the
simulated ﬁrst peak are plotted for an initial velocity of 6.1 m/s in
Fig. 18. The simulated force rises and then oscillates around a value.
The maximal value of the peak force is similar for the simulation
and the experiment. The ﬁrst peak explained by the shock wave
propagation since no failure is predicted by the model at this time.
In Fig. 19(a), the ﬁrst peak is plotted as function of the striker
displacement in the case of four initial velocity (0.1 m/s, 0.5 m/s,
2.8 m/s, 6.9 m/s). The maximal value of the peak decreases when
the initial velocity falls. In the ﬁgure, it passes from 1.5 kN (point 2)
for the velocity of 6.9 m/s to 0.6 kN (point 1) for an initial velocity of
2.8 m/s. When the initial velocity is low (i.e. 0.1 m/s and 0.5 m/s),
the ﬁrst peak force disappears.
The striker deforms the plate and involves shock wave propa-
gation. This shock wave in terms of the orthoradial stress is plotted
in Fig. 19(b) as function of radius of the plate, for various times after
impact, before and after the ﬁrst peak. After impact, the force rises
(Fig. 19a orange point) and the shock waves starts to propagate
from the center to the edge (Fig. 19b. (1)). Because of the clamped
condition, the wave is reﬂected (Fig. 19b. (2)) and the force con-
tinues to rise (Fig. 19a black point). The Yield stress is reached in the
Fig. 18. First peak force as a function of the time for a 13 kg striker and 2 mm thick
plates (test 9).
Fig. 19. First peak force as a function displacement for four initial velocities (0.1 m/s,
0.5 m/s, 2.6 m/s and 6.9 m/s) (a) and shock wave propagation in the plate (b). (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the web version of this article.)
Fig. 20. Second peak force as a function of the time for a 13 kg striker and 2 mm thick
plates (test 7) at V0 ¼ 5.9 m/s (FE simulation vs experimental data).
center of the plate and the force loses its linearity. The shock wave
comes back in the center of the plate to perturb the stress (Fig. 19b.
(3)). Thus, the force starts to oscillate (Fig. 19a blue point). This
phenomenon is then ampliﬁed and produces a high drop of force
(Fig. 19a grey point) and of stress in the center of the plate (Fig. 19b.
(4)). This phenomenon is stopped when the damage starts in the
center of the plate (Fig. 18).
After the ﬁrst peak force, a constant rise of force occurs until a
change of the slope of the curve (Fig. 20 (1)). At this time, in the
simulation, the striker starts to appear on the other side of the
plate. The curve of force continues to rise until the second peak
force is reached (Fig. 20 (2)). When the peak force is reached, cracks
begin to propagate with a high velocity and so the force drops
(Fig. 20 (3)). The more petals bend the more their size increase. The
energy needed for petals to bend rises. Thus, a size of crack above,
the curve of force starts to increase again.
The crack propagates and the force rises until the last peak force.
When the maximum force is reached, the striker totally perforates
the plates. Then during the fall of the force, it goes trough the petals.
4.3. Energetic results
The analytical model for perforation is an energetic based model.
In Fig. 21, the total energy of perforation calculated with the
analytical model is plotted for a number of petals equals to 4, 5 and
6. In this ﬁgure, the simulated and experimental absorbed energy
are plotted as a function of initial velocity. This energy rises with the
initial velocity and saturated around 180 J (experiments) and 210 J
(simulation). These levels of energy are closed to the one calculated
by the analytical model. For a total perforation (velocity higher than
5.9 m/s), the absorbed energy is constant. Thus, the hypothesis of a
constant absorbed energy after perforation is conﬁrmed.
4.4. Analysis around the crack tip
Simulations results permit to analyse the mode of crack prop-
agation. A perforation test with an initial velocity of 6.1 m/s is used
here. The stress in the plate is plotted in a cylindrical coordinate
system (r,q,z). Fig. 22(a) shows simulations results, in terms of
orthoradial stress sqq, at time 4ms after the impact. The orthoradial
stress is the stress normal to the radius of the plate. It can be
noticed that the majority of orthoradial stress is condensed in the 5
crack tips. In a chosen element of a crack tip at time 5.7 ms, radial,
orthoradial, shear and longitudinal stresses are plotted as a func-
tion of time (Fig. 22(b)). In the graph, when fracture occurs around
5.7 ms, the predominant stress is the orthoradial stress. It can be
concluded that the fracture mode during petalling is mode I.
The crack number on the simulations evolves between 4 and 5.
The mean crack velocity is calculated on FE simulations as the ﬁnal
length of the crack divided by the time of crack propagation. In
Fig. 23, the mean crack velocity is compared for numerical and
experimental results as a function of the initial velocity. A good
agreement is observed, an augmentation of the mean crack velocity
with the initial velocity.
5. Conclusion and remarks
Twenty three perforation drop tests are performed on 2024-AA
plates (thickness 2 mm and 4 mm) with a 30+ conical striker. For
the 2 mm thick plate, the ballistic limit velocity is between 4.8 m/s
and 5.9 m/s. The number of petals after perforation is between 4
and 6. Looking at the force, three peaks are observed. The ﬁrst one is
just after impact and its value is about 0.5e1.5 kN.When the second
peak occurs (about 5 kN), cracks start to propagate. The last peak
corresponds to a total perforation of the plate, where the striker
passes through the plate. For 4 mm thick plates, the experimental
Fig. 21. Absorbed energy as a function of the initial velocity (Experimental data vs
analytical and FE models).
Fig. 22. Picture of the orthoradial stress during simulation (V0 ¼ 6.1 m/s) (a) and evolution of orthoradial, shear, radial and longitudinal stresses as a function of time in an element
at the crack tip (b).
setup is not energetically sufﬁcient to involve a complete perfora-
tion and the ﬁrst peak force is not observed.
Two models are presented for the perforation of thin plates. An
analytical model is based on an energetic approach of the perfo-
ration considering that the perforation work is the sum of the
bending elastic work, the bending plastic work the stretching
plastic work, the petals' bending work, and the fracture work. This
model gives good results in term of residual velocity and absorbed
energy. For a 2 mm thick plate, the predicted ballistic limit velocity
is respectively 5.0 m/s, 5.0 m/s and 5.1 m/s for 4, 5 or 6 petals. For a
4 mm thick plate, it's about 9.2e9.4 m/s.
The second model is a FE numerical model. The plate is
modelled with shell FE associated with a JohnsoneCook behaviour
law for AA 2024. Parameters from the literature are calibrated in
order to ﬁt the experimental crack velocity. One of the damage law
parameter (D1) is modiﬁed according to a simpliﬁed model of
perforation with an imposed crack velocity. Thus good results in
term of force and velocity are obtained. The simulation reproduces
the three peaks of force. The ﬁrst peak is due to the propagation of
the shock wave in the plate. The second peak is justiﬁed by the fact
that the striker start to perforate the plate and cracks are propa-
gating with a high velocity. The last peak occurs when the plate is
totally perforated. For 2 mm thick plate, a study on crack propa-
gation permits to conclude that the principal mode of fracture is the
traction mode I.
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